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Available online 18 April 2008Sequence-speciﬁc endoribonuclease RegB of bacteriophage T4 cleaves early phage mRNAs and facilitates the
transition between early and subsequent phases of T4 gene expression. The great majority of RegB targets
have been identiﬁed in the intergenic regions of T4 transcripts, frequently in the Shine–Dalgarno sequences.
Herewe show that localization of RegB targets is not restricted to intergenic regions of mRNA. We detected 30
intragenic RegB sites in T4 transcripts that are differently susceptible to cleavage. Four RegB-processedmRNAs
were previously shown to undergo further processing at so-called “secondary sites”. We have found three
additional transcripts carrying clear targets for both RegB and another endoribonuclease. We show that
secondary cuts within RegB-processed T4 mRNAs are generatedmainly by Escherichia coli RNase G, but that in
some cases RNase E can recognize the same targets. Using plasmid-phage systems we demonstrate that T4
infection favours cleavage by the host endoribonucleases at these sites.






Ribonucleases (RNases) play important role in the control of gene
expression by altering the stability of speciﬁc mRNAs. The rates of
maturation and decay, in addition to transcription frequency, establish
the steady-state level of an mRNA, and, as a consequence, determine
the rate of synthesis of the encoded protein. Cells employ functionally
diverse ribonucleases to carry out RNA maturation and turnover. A
combination of biochemical and genetic analyses has revealed the
existence of about 20 distinct RNases in Escherichia coli (Deutscher,
1993; Steege, 2000; Condon and Putzer, 2002; Deutscher and Li,
2003). Five endoribonucleases, RNases III, E, G, I/M and P have been
well-characterized in E. coli (Kennell, 2002; Kushner, 2002; Deutscher,
2006), and recently RNase LS has been also shown to play a role in
E. coli RNA metabolism (Otsuka and Yonesaki, 2005).
Bacteriophages also employ cellular RNases, or use their own, in
their reproductive cycles. Both host and bacteriophage encoded
factors co-operate in determining levels of phage T4 mRNAs. E. coli
RNase E inﬂuences mRNA turnover throughout T4 infection (Mudd
et al., 1990). This enzyme is involved in processing transcripts for the
genes 32 (Mudd et al., 1988; Carpousis et al., 1989) and α-gt (Loayza
et al., 1991), as well as blocking premature expression of late gene soc
(Otsuka et al., 2003). E. coli RNase III contributes to the processing and
degradation of few T4 mRNAs (Pragai and Apirion, 1982; Barth et al.,
1988). E. coli RNase LS has been shown to play a role in T4 RNA
metabolism (Yamanishi and Yonesaki, 2005) under the control of thel rights reserved.T4 gene dmd product in a stage of infection-dependent manner (Kai
et al., 1996, 1998; Ueno and Yonesaki, 2001; Kai and Yonesaki, 2002;
Otsuka et al., 2003; Kanesaki et al., 2005). No speciﬁc targets for RNase
G have been found in the T4 mRNAs to date, but some T4 encoded
proteins appear to alter the preference of RNases E and G towards both
phage and host mRNAs after infection (Ueno and Yonesaki, 2004).
Bacteriophage T4 encodes two ribonucleases: RNase H plays a role
in T4 DNA replication (Hollingsworth and Nossal, 1991), while RegB
shows endonucleolytic activity towards early T4 mRNAs (Uzan et al.,
1988; Ruckman et al., 1989). T4 RegB is sequence-speciﬁc, cleaving in
the middle of the GGAG motif (in a few cases also at GGAU) with a
strong bias towards intergenic sites, and inmany cases towards Shine–
Dalgarno (SD) sequences (Uzan et al., 1988; Ruckman et al., 1989;
Sanson and Uzan,1993, 1995). It was reported that RegB has much less
activity on GGAG motifs found in coding regions of early mRNAs
(Ruckman et al., 1989; Sanson and Uzan, 1995; Durand et al., 2006).
RegB is required speciﬁcally for the normal turnover of early, but not
for middle and late mRNAs (Sanson et al., 2000). By destroying
ribosome binding sites RegB causes the functional inactivation of early
transcripts and expedites their degradation.
It is well established that RegB activity in vitro is very lowbut can be
enhanced up to 100-fold, depending on the RNA substrate, by both the
30S ribosomal subunit and the free ribosomal protein S1 (Ruckman
et al., 1994; Lebars et al., 2001). Recently, an 11 nt RegB target con-
sensus GGAGAAUAAAAwas determined by analyzing 26 well-cleaved
T4mRNA sequences (Durand et al., 2006). Itwas proposed that T4 RegB
recognizes only the trinucleotide GGA but by itself cleaves very in-
efﬁciently, and that stimulation of RegB by S1 depends on the im-
mediate downstream sequences. S1 is thought to reveal true RegB
Fig. 1.Mapping of RegB targets within SD sequences for genes ndd.4, segD, dmd, sp,mobD.1 and pin and within intergenic region upstream gene arn (A). Primer extension sequencing
reactions were done on RNA isolated from E. coli BE cells at 4 min post-infection at 30 °C with T4+ or T4regB−. The sequencing lanes are labelled with the dideoxynucleotides used
in the sequencing reactions. Triangles indicate the 5′ ends generated by RegB processing. The initiating nucleotides of the transcripts for genes ndd.4, segD, dmd and sp are noted.
(B) Nucleotide sequences of the 5′ ﬂanking regions of genes ndd.4, segD, dmd, sp, mobD.1, pin and arn. The GGAG and GGAU motifs are shown with black backgrounds. Initiation
codons are shown in boldface and underlined, termination codons for the upstream genes are given in bold and marked with asterisks. Vertical black arrows designate the positions
of RegB cleavages. The initiating nucleotides for the early transcripts are shown in italic and boldface. PE marked with an asterisk denotes the initiating nucleotides for the transcripts
directed from the early promoter segD as shown by Truncaite et al. (2006a).
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the GGA sequence (Bisaglia et al., 2003; Durand et al., 2006). Based on
the solution structure of the protein, RegB was proposed to be a
memberof endoribonucleases specialized inmRNA inactivationwithin
the ribosome (Odaert et al., 2007; Saïda and Odaert, 2007).
The regB gene is widely spread among T-even phages, and the
primary structure of RegB is strongly conserved (Repoila et al., 1994;
Piešiniene et al., 2004). More divergent homologues have been found
to be encoded by more distantly related T4-type phages, such as En-
terobacteria phages RB69, TuIa and RB49 (Piešiniene et al., 2004) orAeromonas phages 44RR2.8t, 25 and 31 (Petrov et al., 2006). This
indicates that these phages have retained a similar regulation of early
gene expression to that of T4.
Some RegB-processed transcripts become vulnerable to further
degradation at so-called “secondary sites”, which are rich in A and U
nucleotides (Sanson and Uzan, 1993, 1995). The endoribonuclease
responsible for secondary cleavage at these sites was not identiﬁed
although RNase E was proposed to be a good candidate. Only four T4
transcripts have been shown to be implicated in RegB-dependent
secondary mRNA processing to date (Hsu and Karam, 1990; Sanson
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Fig. 3. Coding sequences of T4mRNAs cleaved by endoribonuclease RegB. Asterisks indicate the cutting sites. The GGAGmotifs are shown in bold letters, GGAUmotifs are presented in
bold and underlined.
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role in the breakdown of T4 earlymRNAs (Sanson et al., 2000) suggested
that there may bemore transcripts degraded by the combined action of
phage RegB and E. coli RNases. In this work, as a ﬁrst step to ﬁnd such
transcripts, we searched for as yet unidentiﬁedRegB targets.We present
37 new targets, which were found to be differently susceptible to
cleavage. In addition, we detected three T4 mRNAs that contain clear
targets for secondary cleavages. We present experimental evidence of
the nature of secondary cuts in RegB-processed T4 mRNAs.
Results
Identiﬁcation of the RegB processing sites within intergenic and coding
sequences of bacteriophage T4 mRNAs
In order to ﬁnd more T4 phage transcripts implicated in RegB-
mediated secondary cleavage, a systematic study of DNA sequences in
the regions carrying prereplicative genes was performed. Potential
RegB sites were tested for whether they could be substrates for RegB.
Primer extension sequencing was performed on mRNAs extracted
from E. coli infected by either T4D wild-type or T4regB− (T4regBL52).
We ﬁrst tested putative RegB sites located within the Shine–
Dalgarno or intergenic regions of T4 mRNAs. Analysis revealed 20
intercistronic RegB targets, but during preparation of this paper 13
of them were reported by Durand et al. (2006). Thus, here we
present 7 new RegB targets in the SD or intergenic regions of T4
mRNAs (Fig. 1).Fig. 2. Mapping of RegB-processing sites in the coding sequences of the transcripts for gen
nrdG, imm.1, 58=61, srd and dda. Primer extension sequencing reactions were done on RNA
sequencing lanes are labelled with the dideoxynucleotides used in the sequencing reactionThe GGAG/U motifs of the targets showed different susceptibili-
ties to RegB. Three strong RegB targets were located within the SD
sequences of ndd.4, sp and mobD.1 transcripts. Three poorly-cut
GGAG/U motifs were found in the SD sequences of segD, dmd and pin
transcripts, and one poorly processed RegB target was found upstream
of the early gene arn.
We then tested the activity of RegB towards the GGAG or GGAUmotifs
located in the coding sequences of different genes. Fig. 2 shows the results
of primer extension sequencing of T4 mRNAs isolated during wild-type
and regB− infections. These analyses indicate the existence of 30 newRegB
cleavage targets within the coding regions of mRNAs for eighteen genes.
Cleavage efﬁciency differs among the newly identiﬁed intragenic sites.
Transcripts for genes 52.1, frd.3, vs.1, vs (CDS-1, CDS-2), mobD (CDS-2), nrdC.8
(CDS-2), nrdC.6 (CDS-2), imm.1, srd (CDS-2) are considered as being efﬁciently
processedbyRegB,while transcripts for theother genes aremore resistant
to nucleolytic attack. Although most of these 30 new RegB cleavage sites
possess the GGAG motif, we identiﬁed seven GGAU targets for RegB
(Fig. 3). These are situated in the genes rnh, tRNA.3 (CDS-2, CDS-4), mobD.4,
mobD (CDS-3),nrdC.6 (CDS-2) and srd (CDS-2). Two, nrdC.6 (CDS-2) and srd (CDS-2),
appear to be efﬁciently processed by RegB (Fig. 2).
RegB-dependent primary and the secondary cleavage sites in the
intergenic regions of early T4 transcripts
Primer extension reactions on transcripts from regions of the
genes ndd, nrdC.3 and 55.2 revealed strong RT stops correspond-
ing to RegB cuts at the GGAG and GGAU motifs, as well ases 52.1, rnh, frd.3, nrdA.1, tRNA.3, vs.1, vs, mobD.4, mobD.1, mobD, nrdC.9, nrdC.8, nrdC.6,
isolated from E. coli BE cells at 4 min post-infection at 30 °C with T4+ or T4regB−. The
s. The triangles indicate the 5′ ends generated by RegB processing.
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transcripts (Figs. 4A–D). The observed secondary cleavages occur
in AU-rich sequences downstream of the processed (primary)sites (Fig. 4D), indicating that the cuts were generated by another
nuclease. Although the existence of the intergenic RegB site lying
in the non-coding region upstream of gene ndd has been
Fig. 5. The role of RNase G in the secondary processing of mRNAs from the intercistronic regions upstream of genes ndd (A), nrdC.3 (B), 43 (C), 39 (D) and motB (E). Primer extension
sequencing of RNA isolated from E. coli GW10 (wild-type) and GW11 (rng::cat) cells at 6 min (30 °C) and 4min (43 °C) post-infectionwith T4+. In the case of gene 43, RNAwas isolated
at 8 min (30 °C) and 6 min (43 °C) post-infection. Sequencing lanes are labelled with the dideoxynucleotides used. Black triangles marked with (1) indicate the 5′ ends generated by
RegB, grey triangles markedwith (2) show the 5′ ends generated by secondary cleavage. The symbol associated with ndd, 43 andmotB transcripts indicates the RT stops at the hairpin
structure. Initiating nucleotides for middle-mode transcripts are noted.
347A. Zajančkauskaite et al. / Virology 375 (2008) 342–353reported previously (Sanson and Uzan, 1995; Uzan, 2001), we
became interested in this region due to the secondary cuts
observed in this study. During preparation of this paper, DurandFig. 4. Primer extension analyses of mRNAs from the intercistronic regions upstream of gene
E. coli BE cells at 4 min post-infection at 30 °C with T4+ or T4 regB−. The sequencing lanes are l
reactions of RNA isolated 1–15min post-infection from the cells that were infected with T4+ o
RNAwas isolated is at the top. Black triangles markedwith (1) indicate the 5′ ends generated
generated by secondary cleavages. The stem-loop symbol in the case of the ndd transcript in
stops at the probable rho-independent terminator (Miller et al., 2003). Nucleotide sequences
43, 39, motB and cef (E) are presented at the bottom. Information for genes 43, 39, motB and
GGAG and GGAU motifs are shown with black backgrounds. Initiation codons are in boldfac
asterisks. Convergent arrows denote the inverted repeats of palindromic sequences. Vertical b
of secondary cuts, the most efﬁcient being marked by a point. Initiating nucleotides for the
upstream of the gene 55.2, the crossed-out C, as well as the underlined C, denotes the elimin
(GenBank accession no. AF158101). The underlined UAA shows the GenBank stop codon for
nucleotides.et al. (2006) also reported the existence of intercistronic RegB
targets upstream genes nrdC.3 and 55.2, but secondary targets
were not identiﬁed.s ndd (A), nrdC.3 (B) and 55.2 (C). Primer extension sequencing used RNA isolated from
abelled with the dideoxynucleotides used in the sequencing reactions. Primer extension
r T4regB− at 30 °C are next to the sequencing lanes. The time (min) of post-infection that
by RegB processing, grey triangles markedwith (2), as well as brackets, show the 5′ ends
dicates the RT stops at the hairpin structure, while for the 55.2 transcript t marks the RT
of the 5′ ﬂanking regions of T4 genes ndd, nrdC.3 and 55.2 (D), as well as those of genes
cef (E) is adopted from Hsu and Karam (1990) and Sanson and Uzan (1993, 1995). The
e and underlined, termination codons for upstream genes are in bold and marked with
lack arrows designate the positions of RegB cleavages, grey arrows denote the positions
early and middle transcripts are shown in italic boldface. For the intercistronic region
ated nucleotide and the inserted nucleotide, respectively, to the sequence of gene 55.3
gene 55.3, but as a consequence of correcting the sequence, gene 55.3 is shorter by 39
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an A, 6 nucleotides downstream of the cleaved GGAG motif, was
observed just upstream of gene ndd in the polycistronic transcript
(Fig. 4A). The 5′ ends assigned to the additional cleavage events ﬁrst
appear at 4 min after infection, reach a maximum at 5 min and
continue to be present thereafter. The secondary cleavages appear
with a 2 min delay, with respect to RegB processing event in the
middle of the GGAG. Primer extension analysis of the kinetics of 5′
ends accumulation for the T4regB− infection indicates that the
secondary processing events are dependent on the primary cleavage
by RegB (Fig. 4A).
Two bands indicating the 5′ ends generated by secondary
processing of RegB-processed transcripts were detected in the early
polycistronic transcript synthesized from the nrdC.3 region (Fig. 4B).
A doublet band, mapping 5 and 8 nucleotides downstream of
the processed GGAG sequence can be detected at 3 min and cul-
minates 6–7 min after infection. These bands appear with a one-
minute delay, with respect to the bands indicating the 5′ ends
generated by RegB at the primary site, and are absent after T4regB−
infection.
In the case of primer extension experiments carried with the gene
55.2 speciﬁc primer, a triplet of bands indicating the 5′ ends of
transcripts assigned to secondary cleavages maps 6 to 8 nucleotides
downstream of the cleaved GGAU motif (Fig. 4C). Analysis of the
kinetics of 5′ end accumulation shows that secondary processing
becomes efﬁcient 5 to 7 min after infectionwith phage T4D wild-type
and is dependent on RegB.
Taken together, these results show that the RegB-processed
transcripts from the intercistronic regions just upstream of ndd,
nrdC.3 and 55.2 become susceptible to further processing by an
unknown nuclease after initial cleavage by RegB.Fig. 6. The roles of RNases G and E in the secondary processing of mRNAs from the interci
gene 55.2mRNAused RNA isolated from E. coli GW10 (wild-type), GW11 (rng::cat), GW20 (rne
T4+. cef RNAwas isolated at 8 min (30 °C) and 6 min (43 °C) post-infection. Sequencing lanes
the 5′ ends generated by RegB, grey triangles marked with (2) show the 5′ ends generatedNature of the secondary cuts within RegB-processed transcripts
As shown above, secondary processing of RegB-cleaved transcripts
from intercistronic regions upstream of the genes ndd, nrdC.3 and 55.2
occurs in the AU-rich sequences located downstream of the primary
cleavage. This fact encouraged us to test the possibility of RNase E
involvement, since this enzyme prefers to cut within single-stranded
regions that are AU-rich. We therefore analyzed RNA isolated from
wild-type [N3433] and rne3071 (ts) [N3431] isogenic E. coli strains
after infection at 30 °C and 43 °C. The results (not shown) suggest that
RNase E alone is either not involved in the secondary cleavage of ndd,
nrdC.3 and 55.2 mRNAs or its activity is masked by another nuclease
with overlapping speciﬁcity.
We then asked if RNase G, which is a structural homologue of
RNase E and has similar cleavage site speciﬁcity, was involved. To
test whether the mRNAs truncated at secondary sites were products
of E. coli RNase G cleavage, total RNA was extracted from isogenic
wild-type [GW10] and RNase G-deﬁcient [GW11] strains after T4
infection. mRNA was analyzed by primer extension sequencing using
primers speciﬁc to ndd, nrdC.3, 55.2 and for genes 43, motB, cef and
39, whose mRNAs had been found previously to undergo RegB-
dependent primary and secondary processing (Hsu and Karam, 1990;
Sanson and Uzan, 1993; see also Fig. 4E). In wild-type cells, RT stops
corresponding to the cleavages at primary and secondary sites were
detected (Figs. 5 and 6), whereas in the absence of RNase G the 5′
ends of mRNAs truncated at the secondary sites were not detected in
the intergenic regions upstream of genes ndd, nrdC.3, 43, 39 and
motB (Fig. 5), indicating that the host-encoded RNase G generates
those 5′ ends.
However, the 5′ ends reﬂecting the RT stops at the secondary
sites of mRNAs upstream of genes 55.2 and cef (Fig. 6) were stillstronic regions upstream of genes 55.2 (A) and cef (B). Primer extension sequencing of
-1) and GW21 (rng::cat rne-1) cells at 6min (30 °C) and 4min (43 °C) post-infectionwith
are labelled with the dideoxynucleotides used. Black triangles marked with (1) indicate
by secondary cleavage.
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the bands (especially that of the gene 55.2 mRNA) was lower than in
the wild-type strain (Figs. 6A and B). These results suggest that
RNase G is not sufﬁcient to account for the secondary cleavage
events in the 55.2 and cef mRNAs and another enzyme most likely
also participates.
Using a different set of isogenic strains we therefore tested
whether both RNase E and RNase G were involved. In agreement with
experiments using rne3071 there was no signiﬁcant difference in
accumulation of secondary cleavage products of gene 55.2 transcripts
isolated from wild-type and rne-1 (ts) strains at either 30 °C or 43 °C
(non-permissive for rne-1) (Fig. 6A). Very weak RT stops were
observed in the rne-1 rng::cat double mutant strain at 30 °C,Fig. 7. Susceptibility of RegB-processed T4mRNAs from the intercistronic regions upstream of g
extension sequencing of RNA isolated from E. coli C41(DE3) cells harbouring recombinant plasm
6minpost-infectionwith phage T4ΔregB at 30 °C. Transcriptswere induced from the plasmids b
taken 30, 40 and 50min after inductionwith IPTG. The control experiments (ﬁrst panels) show p
6min after infectionwith T4+ or T4ΔregB at 30 °C. The sequencing lanes are labelledwith the di
black trianglesmarkedwith (1) indicate the 5′ ends generated by RegB, grey trianglesmarkedwi
RT stops at the probable rho-independent terminator (Miller et al., 2003). The symbol for themindicating that in the absence of RNase G another ribonuclease
attacks the same targets of the 55.2 transcript. At 43 °C, however, no
5′ ends resulting from cleavage at the secondary sites could be
detected. These results indicate that both RNase G and RNase E cleave
the same target just upstream of the gene 55.2. Analysis of the
transcription pattern of the region just upstream of cef (Fig. 6B) also
leads to the same conclusion.
It should be noted that RegB is active in these experiments,
regardless of any inactivation of RNases G and E. Thus, RNase G is
solely responsible for cutting within the AU-rich sequences down-
stream of the RegB-processed primary sites near T4 ndd, nrdC.3,motB,
43 and 39, while both RNases G and E recognize the same sites within
mRNAs upstream of the T4 genes 55.2 and cef. However, as judgedenes nrdC.3 (A), 55.2 (B) andmotB (C) to the host RNases in plasmid-phage systems. Primer
ids pT4regB-T4nrdC.3′, pT4regB-T455.2′ or pT4regB-T4motB′, without phage infection or
y the addition of IPTG to 1mM30min before infection. Samples fromuninfected cellswere
rimer extension sequencing of the T4-induced transcripts isolated from E. coli C41(DE3) at
deoxynucleotides used, the time (min) of inductionwith IPTG (and infection) is noted. The
th (2) show the5′ ends generated by secondary cleavage. For the55.2 transcript tmarks the
otB RNA indicates the RT stops at the hairpin structure.
350 A. Zajančkauskaite et al. / Virology 375 (2008) 342–353from the intensity of bands corresponding to the RT stops, the
contribution of RNase E to the secondary cleavage is small and RNase
G appears to be the main ribonuclease that cleaves all known
secondary targets.
Susceptibility of plasmid-encoded T4 transcripts to the host
endoribonucleases
The RNase E/G family prefers AU-rich single-stranded RNA
substrates carrying a 5′ monophosphate (Mackie, 1998, 2000; Jiang
et al., 2000; Tock et al., 2000). However, T4 RegB produces 5′-OH-
carrying RNA. It is thus surprising that RNases G and E appear
responsible for secondary cleavages within RegB-processed tran-
scripts, and we asked whether T4 infection inﬂuences the activities of
RNases E and G.
We constructed the plasmids pT4regB-T4g55.2′, pT4regB-
T4nrdC.3′ and pT4regB-T4motB' each containing the T4 regB gene
and the proximal parts of genes 55.2, nrdC.3, and motB, respectively,
together with their 5′ upstream regions carrying primary and
secondary sites for the endoribonucleases. Plasmid-derived mRNAs
were isolated from uninfected and T4ΔregB-infected E. coli C41
(DE3) and analyzed by primer extension sequencing using plasmid-
speciﬁc primers. A control using plasmid-free cells infected by T4+
or ΔregB revealed that the 5′ end patterns of the nrdC.3, 55.2 and
motB mRNAs (Figs. 7A–C, ﬁrst panels) were the same as observed
in E. coli BE or GW10 after infection with T4+ or T4regB− (c.f., Figs.
4B–C and 5E).
Plasmid-derived nrdC.3 and 55.2 transcripts in uninfected cells are
efﬁciently processed at their primary site by RegB, but are resistant to
secondary processing (Figs. 7A and B). After infection by T4ΔregB
transcripts derived from the plasmids pT4regB-T4g55.2′ and pT4regB-
T4nrdC.3′ are truncated at both primary and secondary sites, and at
the same positions as nrdC.3 and 55.2 transcripts in T4+-infected cells
(Figs. 4B and C).
Plasmid-derived pT4regB-T4motB' transcripts (Fig. 7C) were
processed at primary and secondary sites in both uninfected and
ΔregB-infected cells, although in the latter case the cuts at secondary
sites were stronger than in uninfected cells. Thus, the data suggest
that cleavage of RegB-processed transcripts by RNases E and G is
stimulated by T4 infection.
It should be noted that the regions containing RegB-dependent
secondary sites share some common features. Secondary cleavages
take place in the AU-rich regions downstream of the processed
primary sites. Palindromic sequences predicted to fold into stem-
loops lie upstream of the primary and secondary sites in all cases
(Figs. 4D and E). To test whether these stem-loops affect cleavages
at the primary and secondary sites, we cloned the proximal parts
of genes 55.2, nrdC.3 together with their 5′ upstream regions with
and without palindromic sequences for the stem-loop. No
differences were observed in the RNA processing patterns (data
not shown). Thus, after cleavage by RegB the terminal hairpins at
the 3′ extremities may be required to stabilize the upstream
mRNAs.
Discussion
The site-speciﬁc endoribonuclease T4 RegB is primarily required
for the regulation of phage early gene expression. The stability of most
T4 early mRNAs is affected by RegB (Sanson et al., 2000). The great
majority of efﬁciently processed RegB sites identiﬁed in previous
studies were situated in intergenic regions of T4 early mRNAs, and in
most cases these were SD sequences (reviewed by Sanson and Uzan,
1995; Uzan, 2001). In this study we identiﬁed 7 additional RegB
intergenic targets in T4 mRNAs (Figs. 1, and 4B and C). It has been
suggested that RegB sites within coding sequences are generally
poorly recognized, if at all (Ruckman et al., 1989; Sanson and Uzan,1995; Uzan, 2001; Durand et al., 2006). In this study we have shown
that RegB is able to introduce cuts quite efﬁciently within the coding
sequences of ten different mRNAs.
The sites identiﬁed in this study extend the list of RegB targets
located within the T4 genome. There are 74 RegB targets now known,
more than half of which (38) are situated in coding sequences.
Although the majority of previously identiﬁed RegB-processing sites
contain the sequence GGAG, we have identiﬁed eight additional
GGAU-containing sites to give the current total of 12 RegB targets with
the motif GGAU (Sanson and Uzan, 1995; Durand et al., 2006; this
study). Although the newly identiﬁed sites are processed to different
extents by RegB, we believe that they will help elucidate the sequence
determinants contributing to cleavage efﬁciency.
In this study we also detected three RegB sites that are followed by
sites for secondary cleavage events. These occur in AU-rich sequences
and their utilization is strictly dependent on prior RegB cutting. There
are now known seven T4 early transcripts processed by the combined
action of RegB and host endoribonucleases. Secondary cleavages
within RegB-processed mRNAs from gene 43 (Hsu and Karam, 1990)
and comCα (Sanson and Uzan, 1993, 1995) regions have been detected
previously. Since in the absence of RegB, T4 early mRNAs are four fold
more stable (Sanson et al., 2000), it was suggested that primary
processing by RegB provides entry sites for other nucleases, leading to
the degradation of early mRNAs (Sanson and Uzan, 1993, 1995; Uzan,
2001). However, the RNase(s) responsible for cutting downstream of
the processed RegB site were not identiﬁed.
Usingmutant strains deﬁcient in RNase G, RNase E, or both enzymes,
we have shown that the nucleolytic events at several secondary sites of
RegB-processed transcripts involve RNase G, but that both RNase G
and RNase E recognize the same targets upstream of genes 55.2 and cef
(Figs. 5 and 6). Thus, our data support previous ﬁndings that the site
speciﬁcity of RNase G overlaps with that of RNase E in vitro (Tock et al.,
2000) and in vivo (Hambreus and Rutberg, 2004).
E. coli RNase G was originally identiﬁed as the product of cafA
(Okada et al., 1994). Subsequent studies demonstrated that CafA is
an RNase that, like RNase E, is involved in 16S rRNA 5′ end maturation
(Li et al., 1999; Wachi et al., 1997, 1999). RNase G is a structural
homologue of RNase E, and exhibits 36% amino acid sequence iden-
tity with its N-terminal, catalytic domain (McDowall et al., 1993).
The two enzymes have a number of properties in common, includ-
ing a propensity to cleave within AU-rich single-stranded seg-
ments and a preference for substrates with a 5′ monophosphate
over a 5′ triphosphate or 5′ hydroxyl (Jiang et al., 2000; Tock et al.,
2000). The 16S rRNA precursor and adhE mRNA, both of which
have been shown to be natural substrates for RNase G in vivo, are
cleaved at their 5′ ends by RNase III, prior to attack by RNase G
(Aristarkhov et al., 1996; Li et al., 1999; Wachi et al., 1999; Umitsuki
et al., 2001). RNase III action results in a 5′ monophosphate, thereby
providing the optimal substrate for RNase G. Recent data suggest
that the 5′-end dependence is apparently a common feature of
RNase E/G homologues from both Gram-negative and Gram-positive
bacteria (Kaberdin and Bizebard, 2005; Zeller et al., 2007). RNases E
and G are capable of slowly cleaving RNAs that bear a 5′-OH group
(Jiang et al., 2000; Tock et al., 2000; Jiang and Belasco, 2004), but the
presence of the 5′ monophosphate enhances their cleavage rate up
to ∼100-fold (Jourdan and McDowall, 2008).
Although RNase E and RNase G share considerable sequence
homology and catalytic properties, RNase G has a more limited sub-
strate speciﬁcity. The only well-characterized target for RNase G is
the 16S rRNA precursor (Li et al., 1999; Wachi et al., 1999). In addition,
RNase G affects the half-lives of E. coli adhE (Umitsuki et al., 2001) and
eno transcripts (Kaga et al., 2002). However, inactivation of RNase G
alone leads to only small changes in mRNAs half-lives (Ow et al.,
2003), and microarray data suggest that only 11 from 4405 E. coli
transcripts, including adhE and eno mRNAs, are regulated by RNase G
(Lee et al., 2002).
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(Mudd et al., 1988, 1990; Carpousis et al., 1989; Loayza et al., 1991;
Otsuka et al., 2003), but the involvement of RNase G in degradation of
phage T4 mRNAs is not well established. RNase G has no signiﬁcant
effect on the stability of uvsY mRNA during T4 infection (Kanesaki
et al., 2005) but RNase G is more important than RNase E in degrading
the plasmid-derived socmRNA in uninfected cells (Ueno and Yonesaki,
2004). Furthermore, the selectivity of host RNases is thought to be
modiﬁed after T4 infection (Ueno and Yonesaki, 2004). We have
shown here that RegB acts in concert with the E. coli RNases G and E to
process some T4 early transcripts during infection. The RNase G
cleavage sites that are dependent on prior RegB processing are the ﬁrst
of this class to be identiﬁed.
Several RNase G/E-dependent cleavages within intercistronic
regions of T4 transcripts require prior processing by RegB (Hsu and
Karam, 1990; Sanson and Uzan, 1993, 1995; this work). However, the
products of RegB nuclease contain a 5′-OH (Uzan et al., 1988; Saïda
et al., 2003), and a priori would not be expected to be efﬁcient
substrates for RNase G. We therefore suggest that T4 infection alters
the preference of RNases G and E to cleave 5′-OH-terminated
substrates with enhanced efﬁciency. This idea is strongly supported
by our observations that T4 RNAs produced from a plasmid are
resistant to cleavage by host RNases unless the plasmid-containing
cells were also infected by T4 (Fig. 7).
Modulation of host enzyme activity is a strategy employed by
many phages, although altering host RNases speciﬁcally has only been
described for phage T7. T7 protein kinase phosphorylates host RNase
III and stimulates its activity (Mayer and Schweiger, 1983), while the
phosphorylation of RNase E stabilizes mRNAs synthesized by T7 RNA
polymerase (Marchand et al., 2001). Accumulating data suggest that
T2 and T4 encoded factors also modify E. coli RNases E and G to alter
their selectivity for substrates (Ueno and Yonesaki, 2004; Kanesaki
et al., 2005; this work). Although themechanism ofmodiﬁcation is not
yet established, it is likely to be conserved among T4-type phages. This
idea is supported by our previous ﬁndings that RNase E can also cleave
RegB-processed mRNAs encoded by the T4-related phages RB49, TuIa
and RB69 (Piešiniene et al., 2004; Truncaite et al., 2006b). As the
mechanism of substrate selection and end-preference by RNases E
and G is not fully understood, we suggest that RegB-processed mRNAs
will be useful in providing 5′-OH mRNA substrates that are cleaved
by E. coli RNases G and E in vivo.
Materials and methods
Bacterial and bacteriophage strains
E. coli strain BE (sup0) was a gift from Dr. L. W. Black. E. coli K-12
strains GW10 (W3110 zce-726::Tn10), GW11 (GW10 rng::cat), GW20
(GW10 rne-1) and GW21 (GW10 rne-1 rng::cat) (Wachi et al., 1997)
were kindly supplied by Dr. M. Wachi. rng::cat results in a trunca-
ted RNase G protein of 107 amino acids. N3433 (HfrH lacZ43 λ− relA,
spoT1 thi-1) and N3431 [N3433 rne3071(ts)] were kindly provided by
Dr. P. Régnier.
E. coli JM107 (Fermentas AB) was used for transformation and
preparation of plasmid DNA. E. coli C41(DE3), a derivative of E. coli
BL21(DE3) [F− dcm ompT hsdS (rB−mB−) gal λ(DE3)] (Avidis) allowing
overexpression of proteins at an elevated level without toxicity (Mi-
roux and Walker, 1996), was used in plasmid-phage assays.
E. coli strains MH1, BE-BS (sup0) and CR63 (supD ser), the phage
T4 K10, as well as the standard supF-containing I/S cloning vector
pBSPL0+ were kindly provided by Dr. K. Kreuzer. T4 K10 (38amB262
51amS29 denAnd28 denB-rIIBΔrIIPT8) permits genome substitutions
using the T4 insertion/substitution (I/S) system (Selick et al., 1988;
Kreuzer and Selick, 1994). E. coli strain MH1 (araD139 ΔlacX74 galU
galK hsdR rpsL) was used as the plasmid-containing host for the initial
infection with T4 K10. E. coli BE-BS (sup0) is a selective host for phagescarrying the integrated plasmid. E. coli CR63 (supD ser) was used for
nonselective growth of T4 K10 and T4 segregants that had lost the
supF-containing plasmid.
Bacteriophage T4Dwild-typewas kindly suppliedbyDr.W. B.Wood.
T4regB− (regBL52, Ruckman et al., 1989) was a gift from Dr. M. Uzan.
Plasmid constructions
Recombinant plasmids carrying T4 regB together with truncated
T4 nrdC.3, 55.2 and motB were constructed by inserting PCR frag-
ments ampliﬁed from T4+ DNA into the plasmid pLPT4regB (Piešiniene
et al., 2004). Plasmid pT4regB-T4g55.2′ was constructed as follows.
The 186 bp T4 DNA fragment, carrying the 5′ proximal part of gene
55.2 together with 98 nt upstream sequence, was PCR ampliﬁed
using two oligo primers: Pr. 55.2(D), 5′-CGCAATGATGTACGAAGGCT,
and Pr. 55.2(R), 5′-GAGGAGTTACAATATCGCCTT. Ampliﬁed DNA was
treated with T4 polynucleotide kinase and inserted into the XhoI and
Bpu1102I sites (both ﬁlled-in) of plasmid pLPT4regB.
Plasmid pT4regB-T4nrdC.3′ was constructed by a similar proce-
dure. The 160 bp T4 DNA fragment, encompassing the 5′ proximal part
of nrdC.3 together with 87 nt upstream, was PCR ampliﬁed using Pr.
nrdC.3(D), 5′-CGTCTAGAACAAGCTTTGCAG and Pr. nrdC.3(R), 5′-
GTCCTTTCTGATAATCACGATG. Ampliﬁed DNA was treated with T4
polynucleotide kinase and inserted into the XhoI and Bpu1102I sites
(both ﬁlled-in) of plasmid pLPT4regB.
Plasmid pT4regB-T4motB′ was constructed as follows. The 137 bp
DNA fragment, carrying the 5′ proximal part of motB together with
65 nt upstream, was PCR ampliﬁed using a mutagenic primer Pr. motB
(XhoI), 5′-CTCTTGGGACTCGAGTATAATGGTC, containing an XhoI site,
and Pr. motB(R1), 5′-GACCAATTTTCCTGCTGCTTTAGAACG. The am-
pliﬁed DNA was treated with T4 polynucleotide kinase, digested
with XhoI and inserted into the XhoI and Bpu1102I (ﬁlled-in) sites
of plasmid pLPT4regB. The proper orientation and the sequences of
cloned PCR fragments were conﬁrmed by sequencing.
Generation of T4ΔregB mutant phage
A plasmid carrying a regB deletion was constructed using the I/S
cloning vector pBSPL0+ (Selick et al., 1988; Kreuzer and Selick, 1994). A
201 nt DNA fragment, encompassing the 3′ end of vs.3, was ampliﬁed
using mutagenic primer 5′-GTCTTGATGAATTCCAGGAAGTAGTCC, car-
rying an EcoRI site, and the primer 5′-ACAGTTATTCTTTAAATCTAATC,
complementary to the distal part of the gene. A 234 nt DNA fragment
with the proximal part of gene vs.1was ampliﬁed using the primer 5′-
CAATGAGGTAAGCATGAGAAAAGCAC and a mutagenic primer 5′-
ACTCCGCCAAAGCTTTCTTGCC, containing a HindIII site. The resulting
DNAs were treated with T4 polynucleotide kinase, digested with
appropriate restriction enzymes and inserted into the EcoRI–HindIII
sites of plasmid pBSPLO+. The T4 gene regB deletion carried by the
recombinant plasmid was transferred to the T4 genome using the
insertion/substitution system (Selick et al., 1988; Kreuzer and Selick,
1994). The presence of the deletion was veriﬁed by PCR.
Standard procedures for the isolation and manipulation of plasmid
DNA, and for the construction and identiﬁcation of recombinant
plasmids were used throughout (Sambrook et al., 1989). Pfu DNA
polymerase, restriction enzymes, T4 polynucleotide kinase, and T4
DNA ligase were from Fermentas AB.
Assays of the activities of RNases in phage-infected cells
To detect RegB cleavage sites in phage-induced transcripts, E. coli
BE or C41(DE3) was grown at 30 °C to A600=0.8 in LB medium and
infected with T4+, regB− (regBL52) or ΔregB at a multiplicity of
infection (m.o.i.) of 10. Use of ΔregB avoided expression of regB from
the infecting genome. At the desired time, infected cells were
collected, immediately lysed, and total cellular RNA was puriﬁed.
352 A. Zajančkauskaite et al. / Virology 375 (2008) 342–353Cleavages were analyzed by primer extension sequencing of phage-
speciﬁc mRNAs.
To determine the origin of the secondary cleavages, the E. coli
GW10, GW11, GW20, GW21, N3433 and N3431, were grown in LB
medium supplemented with 0.1% glucose at 30 °C. With or without
shifting of the cultures to 43 °C for 30min, cells were infected with T4+
(m.o.i=10). 43 °C is non-permissive for the mutant RNase E in GW20,
GW21 and N3431. At 6 min after infection at 30 °C, or 4 min at 43 °C,
cells were taken, immediately lysed and total cellular RNA was
puriﬁed. For genes 43 and cef, cells were collected at 8 and 6 min after
infection at 30 °C or 43 °C, respectively. Cleavages were analyzed by
primer extension sequencing of phage-speciﬁc mRNAs.
Assays of the activities of RNases in plasmid-phage systems
To detect secondary cleavage sites in the transcripts induced from
the recombinant plasmids, E. coli C41(DE3), harbouring pT4regB-
T4nrdC.3′, pT4regB-T4g55.2′ or pT4regB-T4motB′, were grown in LB
medium with ampicillin (40 µg/ml) at 30 °C to A600=0.5. The
transcripts to be tested, as well as RegB, were induced by addition of
IPTG to 1mM. After 30min, an aliquot of the culturewas infected with
T4ΔregB (m.o.i.=10) and total RNAwas extracted 6 min later. Samples
from the uninfected culture were taken at 30, 40 and 50 min after
induction. Harvested cells were immediately lysed and total cellular
RNA was puriﬁed. RNAs induced from the plasmids were analyzed by
primer extension sequencing.
RNA preparation and primer extension analysis of phage mRNAs
Total RNA from T4-infected or uninfected E. coli cells was phenol-
extracted and used for RNA sequencing or primer extension analysis
under conditions of primer excess, and using AMV reverse transcriptase
as described by Uzan et al. (1988). A total of 38 oligonucleotide primers
were used; all sequences are available on request. To highlight the
secondary cleavages the primers used are: Pr. ndd(R), 5′-GTTCCTAA-
AAACCATTCACCACCC, complementary to nt 63–86 of ndd; Pr. nrdC.3(R),
5′-GTCCTTTCTGATAATCACGATG, complementary to nt 52–73 of nrdC.3;
Pr. 55.2(R), 5′-GAGGAGTTACAATATCGCCTT, complementary to nt 68–88
of 55.2; Pr. 43(R), 5′-GATATTCTACTTCACGGGTACGTTCC, complementary
to nt 75–100 of 43; Pr. motB(R1), 5′-GACCAATTTTCCTGCTGCTTTA-
GAACG, complementary to nt 45–71 ofmotB; Pr. cef(R2), 5′-AATTGAA-
CAGTGGAGCGATACG, complementary to nt 134–155 of the non-coding
region betweenmotB and cef; Pr. 39(R3), and 5′-GAGCCAATGTACATGC-
CACTAC, complementary to nt 53–74 of 39. Transcripts induced from
plasmids were analyzed using the modiﬁed T7 terminator primer,
speciﬁc to plasmid vector pET21(+) (Novagen).
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